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Abstract
Bone at the nanoscale consists of type I collagen and hydroxyapatite (HAP). Type I collagen and HAP
[Ca10(PO4)6(OH)2] are responsible for most of the structural integrity of bone. Collagen fibrils contain HAP
platelets of varying size dispersed between the collagen. We investigate heterotrimeric collagen interaction with
HAP using Steered Molecular Dynamics to obtain the force-displacement relation as the collagen is undergoing
shearing and peeling on the surface of HAP. Results indicate that the collagen requires 40% less force to separate
from the HAP surface under peeling, when compared to shear loading. The Bell model is applied to determine the
energy associated with key mechanisms under shear loading conditions. In both shearing and peeling, the number
of collagen-water hydrogen bonds increases by approximately 100% before rupture. We developed an HAP
inspired structure and 3D printed it using ABS plastic. This bio-inspired material could have several potential
applications in engineering and medicine.
Introduction
Bone consists of a complex hierarchical system
that on its own expresses astonishing characteristics
of strength and flexibility. This biological hierarchy
at the highest scale consists of a strong outer compact
layer with a spongy interior. At near microscale, the
compact bone is made up of osteons and Haversian
canals (Launey, Buehler, & Ritchie, 2010). Inside the
osteon system at the microscale there are multiple
arrangements of fibers.
Expanding the scale down further shows the
fibers from (d) in figure 1, made up of fibril arrays. These
fibril arrays consist of a matrix of organic collagen and
the mineral apatite (Launey et al., 2010). The Lamellae
fibers (d) are made of small fibrils (f). These small
fibrils are made up of an even smaller complex matrix
of collagen and apatite (g). The bottom right panel
(h) displays the interface between a segment of one
tropocollagen molecule and the surface of HAP. HAP
platelets range in size from 1 to 7 nm in thickness, 15
to 200 nm in length, and 10 to 80 nm in width (Fratzl,
Gupta, Paschalis, & Roschger, 2004; Gupta et al., 2006;
Ji & Gao, 2004; Weiner & Wagner, 1998). Collagen
forms in lengths of about 300 nm and diameters of 1.5
nm (Launey et al., 2010).
Published by ScholarWorks@UARK, 2015

It is important to understand the mechanical
properties of the collagen-HAP interface at the
nanoscale, because research shows how a change in
mineral density at this level greatly affects the macroscale
properties of bone (Nair, Gautieri, Chang, & Buehler,
2013). The goal of this study is to uncover whether or
not different shearing and peeling loading conditions
play a direct role in the mechanical properties of the

Figure 1. Bone Structure: a) Basic Structure ~15 cm i) Compact
Bone ii) Spongy Bone b) Structure of Compact Bone ~5 cm iii)
Circumferential Lamella iv) Osteon System v) Interstitial Lamella
c) Osteon System ~ 100 μm d) Structure of Lamellae ~50 μm e)
Single Lamellae f) Fibril Arrays ~10 μm g) Mineralized Collagen
Fibrils ~1 μm h) Collagen-HAP Interface ~300 nm
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interface. The scope of this research project does not
include the process of forming collagen on the surface.
By using Steered Molecular Dynamics (SMD) (Izrailev,
1998), we expect to learn more about the mechanical
properties of solvated collagen along the surface of HAP
crystals. SMD simulation provides force-displacement
profiles for the system and the trajectory of the atoms
simulated. The trajectory of atoms provides the data
necessary to study the hydrogen bonds associated with
the collagen-HAP system. The force and displacement
can be used by the Bell model to predict the energy
barrier for several mechanisms (Ackbarow & Buehler,
2009; Mirzaeifar, Qin, & Buehler, 2014; Qin, Cranford,
Ackbarow, & Buehler, 2009). We hope for the results of
this research to inspire the development of 3D printed
materials based on the collagen-HAP system.
Theory
Tropocollagen Molecules
As stated earlier, collagen forms at lengths
of about 300 nm in the collagen-HAP matrix
(Launey et al., 2010). These long collagen molecules
contain thousands of residues, which would be too
computationally expensive to atomistically simulate in
a full-scale collagen-HAP matrix. The collagen used
in these simulations is modeled after real type I α-1
and type I α-2 chains of a common house mouse (mus
musculus) and equilibrated in earlier work (Chang,
Shefelbine, & Buehler, 2012; Libonati, Nair, Vergani,
& Buehler, 2014; Rainey & Goh, 2004). The two
chains were then reduced to 57 residues each to reduce
computational costs. For this study, two α-1 and one α-2
chains are used to define the structure of the collagen
as defined in (Gautieri, Vesentini, Redaelli, & Buehler,
2011). Ideal collagen consists of a Gly-Pro-Hyp triplet
(Glycine-Proline-Hydroxyproline), but in nature the
only reoccurring member of this triplet is Gly. The Pro
and Hyp positions in the chains are often substituted
by other common residues. The truncated chains hold
the same composition as the full length chains. Full
information about the construction of this molecule can
be found in the work by (Chang et al., 2012)).
For the simulations considered in this study,
the protein data bank (PDB) files associated with the
heterotrimeric molecule is completed by creating
compatible protein structure files (PSF) for each
molecule using Visual Molecular Dynamics (VMD)
https://scholarworks.uark.edu/inquiry/vol19/iss1/10
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(Humphrey, Dalke, & Schulten, 1996). The N-terminus
of each chain is capped with an acetyl group (ACE),
while the C-terminus is capped with trimethylamine
(CT3) to produce charge neutrality across the entire
chain.
Hydroxyapatite Crystal
The hydroxyapatite mineral used in this research
is made up of hexagonal unit cells containing 44 atoms
with the lattice parameters: a=9.4241Å, b=9.4241Å,
c=6.8814Å, α=90°, β=90°, and γ=120° (Libonati,
Nair, Vergani, & Buehler, 2013). These unit cells are
then replicated 24 times along the a-axis, 4 times along
the b-axis, and 4 times along the c-axis. The collagen
is placed on the OH surface of the HAP because of its
negative charge. This allows more hydrogen bonds
to form via the increased donors and receptors (Qin,
Gautieri, Nair, Inbar, & Buehler, 2012).
Force Fields
This system is modeled using a modified
CHARMM force field originally found in reference
(Qin et al., 2012), because it has been tested to
simulate collagen-HAP systems as demonstrated in
the work by Qin and colleagues (2012) and Libonati
and colleagues (2014). Included in the force field
parameters are quantum mechanical calculations
derived for hydroxyproline (Hyp), which is found
in collagen, but not in other proteins (Park, Radmer,
Klein, & Pande, 2005). Nonbonded parameters were
originally calculated using a Born-Mayer-Huggins
model (Bhowmik, Katti, & Katti, 2007; Hauptmann,
Dufner, Brickmann, Kast, & Berry, 2003). This force
field has been validated in previous works, (Bhowmik
et al., 2007; Dubey & Tomar, 2009; Hauptmann et al.,
2003; Qin et al., 2012; Shen, Wu, Wang, & Pan, 2008).

Figure 2. Diagram of HAP Crystal. Surfaces are labeled
accordingly. The a, b, and c axes are based on the HAP lattice
parameters while the Cartesian coordinates are associated with the
simulated system.
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Because this system equilibrates with an
unsolvated collagen and later with a solvated collagen,
a modified CHARMM force field 1is used. The force
field for the unsolvated collagen r2 (stated above)
has a Coulombic energy that varies with and is thus
a dielectric term that varies with1 distance. When
water is added to the system, r explicit water
molecules must be accounted for in the Coulombic
energy by taking away one of the terms to have the
energy drop off linearly with distance (Plimpton,
1995). This change is important in simulating solvated
biomolecules. Throughout each simulation, LennardJones and Coulombic interactions are calculated by
the modified CHARMM fields by ramping energy and
force smoothly to zero between the inner and outer
cutoff regions of 8Å and 10Å. This has been validated
in previous research (Libonati et al., 2014; Plimpton,
1995).
Bell Model
The Bell model is a theoretical model that
combines known parameters of certain bonds and
angles with the results of a Molecular Dynamics (MD)
simulation to calculate the energy barriers of said bonds
(Ackbarow & Buehler, 2009; Mirzaeifar et al., 2014;
Qin et al., 2009). In this study we apply the Bell model
to the rupturing of the hydrogen bonds. This allows us
to relate a force-displacement to the energy associated
with a mechanism. For example, this can be applied
during an MD simulation where multiple bonds are
broken and new states of equilibrium are reached. The
equation for the Bell model used in this study is given
(Mirzaeifar et al., 2014) as

Methods
Unsolvated Equilibrium
All simulations are conducted using LAMMPS
(Plimpton, 1995) with a 1.0 fs timestep. This system is
minimized by LAMMPS using two different methods.
The first is the conjugate gradient while the second is
the steepest descent method. After this minimization
process, the system is equilibrated under an NVE
ensemble using a Langevin thermostat over 125 ps
ramping the temperature from 250 K to 300 K. The
bottom single layer of calcium phosphate in HAP is
held fixed, while the system is equilibrated again at
300 K for 50 ps. Equilibrium is confirmed by checking
the Root Mean Square Distance (RMSD) using
VMD (Humphrey et al., 1996). The final frame of the
unsolvated system is used as the starting frame for the
solvated system.
Figure 3 shows a diagram of the unsolvated
system. The HAP is positioned so that the Ca-rich
surface is normal to the z-axis, while the OH-rich surface
is normal to the y-axis. As shown in the top-right of
figure 3, “Peeling” in this report refers to pulling along
the y-axis, while “Shearing” refers to pulling along the
x-axis.
Solvated Equilibrium

After the equilibration of the unsolvated
system, a box of water molecules using the TIP3 model
is added using VMD (Humphrey et al., 1996) around
the collagen and extended in the predicted trajectory of
the collagen during SMD simulations. For the system
where shearing is tested, water is added in a 41 x 5.5 x
kBT
Eb1
V
3.0 nm3 box extending 23 nm in front of the predicted
F = xb ln ( w ) + xb (1)
shearing trajectory. Along with this 23 nm lead, at least
1
0.8 nm of water is placed around the collagen to ensure
consistent solvation.
As shown in figure 4, more than the entire
where, F is the force during rupture, kB is the Boltzmann
constant, T is the absolute temperature of the system, length of the collagen was predicted to uncoil and shear
xb is the slip distance, V is the loading rate, w1 is the off the surface in this test. The system setup for peeling
natural frequency of a hydrogen bond, and Eb1 is the
energy barrier of the bonds. Without the Bell model,
these energy barriers cannot be determined, as the only
variable is force, but knowing the temperature, natural
frequency of bonds, and pulling velocity allows us to
apply the Bell model to estimate the energy barriers
associated with each mechanism.
Figure 3. Diagram of the Collagen-HAP System

Published by ScholarWorks@UARK, 2015
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Figure 4. Box of water added to system prepared for shearing

is solvated using the same method as above, except
with a box of water extended along the y-axis to ensure
full solvation during the simulation. The box of water
added for the peeling scenario extends 11 nm above the
top of the equilibrated collagen as shown in figure 5.
As illustrated in figure 5, water is added to give
the collagen enough room to separate from the HAP
considerably before escaping the water box, but not
enough water is added to maintain full solvation for
full separation. This decision was made to reduce the
computational time required to simulate the system.
Both of the systems each contain about 75,000 atoms
and require simulation times on the order of weeks
using 12 parallel 16-core processors.
As stated above, both systems are minimized
and equilibrated using the same parameters as before
with the only difference being a slight change in the
modified Coulombic force field. Once explicit water
has been added to the system, the Coulombic energy
equation is modified to vary linearly with distance as
opposed to an inverse squared relation for the unsolvated
collagen. After the solvated system has been verified at
an equilibrium state (once again checked using RMSD)
the system is setup to run under SMD (Izrailev, 1998)
calculations.
Steered Molecular Dynamics
Steered Molecular Dynamics (SMD) works by

tethering a virtual spring to an atom or group of atoms
and pulling the other end of the spring at a constant
velocity (or constant force, not used here) (Izrailev,
1998). Here, one end of the spring is tethered to the
final Cα atom of each chain. By tethering the spring to
three identical atoms, SMD effectively normalizes the
masses of the atoms and sets the tethered point to the
center of mass of the atoms. The untethered end of the
spring is positioned at the same location as the center
of mass to ensure zero initial force. Then, depending on
whether or not we want to shear or peel the collagen we
set the untethered end of the spring to pull at a constant
velocity along that axis. The velocity parameter picked
here is set to 0.00001 fsA or ( 1 ms ) . This velocity has
been tested on collagen-HAP systems and validated in
previous works (Gautieri, Uzel, Vesentini, Redaelli, &
Buehler, 2009; Libonati et al., 2014; Qin et al., 2012).
The spring constant is set to , also validated in (Gautieri
kcal
N
10 mol-A
2 or (~6.95 m ) et al., 2009; Libonati et al., 2014;
Qin et al., 2012).
Post-Processing
All systems are visualized using VMD
(Humphrey et al., 1996) along with calculating RMSD,
solvating the systems, creating PSF files, and computing
hydrogen bonds. Calculating hydrogen bonds using
VMD requires a cutoff-distance and cutoff-angle. As
previously used successfully in (Libonati et al., 2014;
Nair et al., 2013; Qin et al., 2012), these parameters
are set to 3.5 Å and 30° respectively. MATLab is
used to process results and produce plots for force
vs. displacement profiles and hydrogen bond vs.
displacement profiles. The displacement distance used
in all calculations is the displacement of the untethered
end of SMD’s virtual spring.
The Bell model is applied using the force
vs. displacement plots and known parameters about
hydrogen bonds.
𝑘𝑘!
T

V

	
  

Figure 5. Box of water added to system prepared for peeling
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Table 1: Constants kB, T, V, and ω1 used in the Bell
Model
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Table 1 lists the constants and their units used in the
Bell model. Once the energy barrier is calculated, it is
kcal
.
converted into atomistic statistical units of
mol
The force and rupture length are determined from the
SMD simulations.

Clint Paul

We simulate the shearing system using SMD for
approximately 57 ns. During this time the force reaches
330 nN before the collagen uncoils. The peeling system
is simulated for 42 ns with a maximum force of 205
nN. This is shown in figure 6. It should be noted that
maximum forces obtained here are several orders
of magnitude lower than the strength of bone at the
macroscale (Evans & Lissner, 1957).
Figure 6 compares the force vs. displacement for
the shearing and peeling systems. As can immediately
be seen, collagen has a much lower resistance to being
peeled from the surface as opposed to shearing across
the surface. Peeling the collagen from the surface
induces rupture well before shearing the collagen at
about 40% less force. Peeling collagen starts with a
similar force-displacement trajectory, but gradually
diverges from the shearing system. Figure 6 shows how
the stiffness of the peeling system decreases at a faster
rate than the shearing system as the collagen separates.
Work done by Tao and colleagues (2015) relates
the rupture force of collagen to the surface of HAP using
loading rate as a variable. Their experiments show that

the forces required to rupture collagen from the surface
of HAP increases with faster loading rates, but there
is also uncertainty involved. The loading rates used in
our study are many orders of magnitude higher than the
data shown by Tao et al. (2015), and the rupture forces
calculated are also many orders of magnitude higher
than the experiment. Although not directly comparable
to each other, the forces at least appear to follow the
trend shown by Tao et al. (2015).
Force-displacement plots by themselves do not
capture the full picture in explaining the similarities
and differences between how collagen interacts with
itself and the surface of HAP. Hydrogen bonds play an
important role throughout the SMD simulations.
Figure 7 shows the plot of collagen-collagen
hydrogen bonds formed during the SMD simulation. It
is interesting to note that peeling collagen consistently
forms about 15% fewer bonds with itself, compared to
shearing collagen, until the peeling collagen ruptures
from the surface. This shows that the loading conditions
applied to the collagen reduce the probability of forming
hydrogen bonds within itself.
Figure 8 displays the plot of hydrogen bonds
formed between the collagen and HAP during the SMD
simulation. The bonds formed between the collagen
and HAP for peeling collagen start about 30% lower
than shearing collagen with this gap increasing up to
nearly 50% after 100 Å displacement.
Figure 9 shows the hydrogen bonds formed
between the collagen and water as the collagen is
simulated using SMD. As expected, as both collagen

Figure 6. Force vs. Displacement of Heterotrimeric Collagen for
Shearing and Peeling Loading Conditions

Figure 7. Collagen-Collagen Hydrogen Bonds vs. Displacement
for Shearing and Peeling Loading Conditions

Results and Discussion
Shearing and Peeling of Heterotrimeric Collagen-HAP

Published by ScholarWorks@UARK, 2015
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Figure 8. Collagen-HAP Hydrogen Bonds vs. Displacement for
Shearing and Peeling Loading Conditions
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Figure 10. Locations of First and Final Slips: i) First slip for
shearing, ii) Final slip for shearing

molecules start uncoiling they start forming more bonds
Figure 10 shows the locations of the first and
with the water. This is caused by an effective increase final slips of the shearing system. The blue circles
in surface area of the collagen through exposed atoms. represent the locations of collagen slips. A careful
examination is conducted for each location.
As seen in figure 11, the final slip creates a
Applying Bell Model to Shearing System
greater drop in force than the first slip. This is because
To apply the Bell model to this system, it is the forces at lower displacements are enough to break
important to examine locations where the collagen has bonds, but not strong enough to create huge slips of the
multiple hydrogen bond ruptures and slips. The most collagen. In the top left panel (i) the rupture force, F,
interesting locations for this include the first slip of the is 31.25 nN at a rupture distance, xb, of 1 Å while the
simulation and a large slip in the final stages. These top right panel (ii) has a rupture force of 219 nN over a
slips are characterized by the collagen moving along distance of 2 Å. The lower left panels show the extent
the surface of HAP.
of the first slip in the shearing system.

Figure 9. Collagen-Water Hydrogen Bonds vs. Displacement for
Shearing and Peeling Loading Conditions

https://scholarworks.uark.edu/inquiry/vol19/iss1/10

Figure 11. Zoomed-In Heterotrimeric Slip Force vs.
Displacement: i) Location of first slip, ii) Location of final slip,
A) Image from before first slip, B) Image from after first slip, C)
Image from before final slip, D) Image from after final slip.

66

6

Paul: Interface Property of Collagen and Hydroxyapatite in Bone and Dev

MECHANICAL ENGINEERING: Clint Paul

We apply the Bell model to the locations
highlighted previously and calculate the following
energy barriers for shearing collagen.
As illustrated in table 2, the energy barrier is
considerably increased for slips that occur at higher
forces. The number of hydrogen bonds associated with
this much energy must come from the water-water Figure 12. HAP OH-Surface Highlighted to show hexagonal
channels
hydrogen bonds breaking, because there are not enough
bonds formed to the collagen itself to produce this
much energy. This could occur due to the static nature
of hydrogen bonds. The system never moves at a steady
rate; it can only form, break, and reform bonds to reach
new points of equilibrium.
Location

𝒌𝒌𝒌𝒌𝒌𝒌𝒌𝒌

Energy Barrier (

𝒎𝒎𝒎𝒎𝒎𝒎

i: First Slip for Shear

468 kcal/mol

ii: Final Slip for Shear

6320 kcal/mol

)

	
  

Table 2. Energy barriers associated with the first and final slips in
the shearing collagen system

Biologically Inspired Materials Based on CollagenHAP System
Modern advances in engineering materials
research are strongly based on biological materials.
Nature has had billions of years to evolve different
biological structures. This is especially true in the case
of the structure of bone. Bone is the most complex
hierarchical structure found in nature, and it is important
to study these complex natural systems in order to
produce synthetic materials with custom properties.
For example, before powered flight was made possible
by the Wright Brothers in 1903, many engineers
looked to birds for inspiration. Early concepts of flying
machines strongly resembled the flapping motion of
birds’ wings. More recently, scientists and researchers
examine biological materials at the nanoscale to further
understand how the nanoscale structure of materials
contributes to the overall macroscale mechanics. For
example, carbon nanotubes consist of rolled sheets
of graphene to create tubes of carbon atoms that can
potentially be weaved together like a braided rope to
create materials that are much stronger than steel.
The research conducted here has inspired us to
Published by ScholarWorks@UARK, 2015

Figure 13. HAP Ca-Surface Highlighted to show triangular
channels

design a 3D model of the collagen-HAP system and
print it using an ABS plastic additive printer. When
conducting simulations on the system we noticed the
geometric shapes that the OH channels form along
with the smaller channels formed through the Ca
surface. Below is a labeled snapshot highlighting the
hexagonal OH channels.
Figure 12 depicts how the OH channels take
the shape of hexagons through the HAP cells. These
channels run completely through the HAP in the face.
The blue hexagons drawn highlight the borders of
these channels. The calcium atoms form the corners
of the channel.
Figure 13 shows a snapshot of the Ca-surface
of HAP with the triangular channels highlighted
using blue triangles. These channels are particularly
interesting, because the position and orientation of the
triangles appear to be broken down hexagons. This
shows that HAP crystal must obtain its strength and
rigidity through these geometric organizations. We
combined the two observations to produce the model
shown in figure 14.
Figure 14 displays the final design of the bioinspired 3D model. The top surface contains multiple
hexagons that represent the OH channels seen in real
HAP crystals.
The structure of the hydroxyapatite crystals
studied here could lead to the development of
multifunctional macro-materials based on the threedimensional hexagonal structure paired with triangular
67
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3D printed model of the entire system.
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